Introduction
Pulmonary surfactant is a lipoprotein complex synthesized and secreted by Type I1 cells that reduces surface tension at the air-liquid interface (Weaver and Whitsett, 1991) . Surfactant-associated proteins, including SP-A, SP-B, SP-C, and SP-D, are believed to play important roles in surfactant synthesis, storage, secretion, and functions Weaver and Whitsett. 1991) . SP-A and SP-D have been implicated in host defense (Weaver and Whitsett, 1991) . CCSP, a secretory protein identified from Clara cells lining pulmonary conducting airways, may contribute to the antiinflammatory activities of the respiratory epithelium (Dodge et al., 1993; Singh et al., 1984 Singh et al., ,1988 Bedetti et al., 1987) .
Expression of SP-A, SP-B, SP-C, and CCSP is determined at the transcriptional level by mechanisms that are mediated by transcrip-tion factors TIF1 and HNF3P (Bingle et al., 1995; Bruno et al., 1995; Bohinski et al., 1994; Clevidence et al., 1994; Sawaya et al., 1994) . ITF-1, a member of the Nkx2 family of homeodomain transcription factors, plays important roles in lung (Bruno et al., 1995; Bohinski et al., 1994; Clevidence et al., 1994) and thyroid (Civitareale et al., 1989 ) epithelial cell gene expression. In vitro, ITF-1 transactivates promoter activities of the SP-A, SFB, SP-C, CCSP, thyroglobulin, and thyroperoxidase genes via the binding of lTF-1 to DNA binding sites located within the promoters of each of these genes (Bruno et al., 1995; Bohinski et al., 1994; Clevidence et al., 1994; Civitareale et al., 1989) . HNF3p, a member of HNF-3Iforkhead winged helix family of transcription factors, modulates lung- (Bohinski et al., 1994; Clevidence et al., 1994; Sawaya et al., 1994) and liver- (Simone et al., 1991) specific gene expression. HNF3 DNA binding sites were identified in promoters of SP-A, SP-B, and CCSP genes, where they contribute to the regulation of these genes (Bohinski et al., 1994; Clevidence et al., 1994; Sawaya et al., 1994) . Because TTFl and HNF-3P are not restricted to lung epithelial cells, the combined effects of TTF-1, HNF3P, and other transcription Consistent with the importance of the TTF-1 and HNF-3 family members in lung-specific gene expression, these transcription factors are expressed in fetal and mature lung epithelial cells in patterns overlapping those of SP-A, SP-B, SP-C, and CCSP (Ikeda et al., 1995; Khoor et al., 1993 Khoor et al., ,1994 Ang et al., 1993; Monaghan et al., 1993; Lazzaro et al., 1991; Singh et al., 1988) . TTF-1 was expressed at the onset of rat lung morphogenesis (gestational Day 10.5), being localized to the nuclei of airway epithelial cells (Lazzaro et al., 1991) . TTF-1 protein was detected in fetal human lung as early as 11 weeks of gestation (Ikeda et al., 1995) , preceding the expression of SP-A (Khoor et al., 1993) . SP-B (Khoor et al., 1994) , SP-C (Khoor et al., 1994) , and CCSP (Singh et al., 1988) , which were first detected in human lung epithelial cells a t 13 weeks, 12 weeks, 15 weeks, and 21 weeks of gestation, respectively. SP-A, SP-B, SP-C, and CCSP mRNAs and proteins were assessed previously by in situ hybridization and immunohistochemistry in the lungs of various species. SP-A, SP-B, and SP-C were detected in terminal airway epithelial cells, including differentiated Type I1 cells (Khoor et al., 1993 (Khoor et al., ,1994 Wert et al., 1993; Stahlman et al., 1992; Wohlford-Lenane e t al., 1992; Glasser et al., 1991) . SP-A and SP-B were also detected in epithelial cells lining conducting airways (Khoor et al., 1993 (Khoor et al., ,1994 Stahlman et al., 1992) . The sites and extent of expression varied from species to species and with development. CCSP was detected primarily in Clara cells lining conducting airways and was not readily detected in alveolar Type I1 cells (Dodge et al., 1993; Margrafet al., 1993; Wert et al., 1993; Hackett et al., 1992; Singh et al., 1988; Bedetti et al., 1987) . TTF-1 mRNA and protein were localized to Type I1 cells and epithelial cells of conducting airways, overlapping the expression of SP-A, SP-B, SP-C, and CCSP, providing further support for a regulatory role for TIT-1 in the expression of these genes. The sites and extent of expression of HNF-3p in the lung are more controversial. HNF-3P mRNA was detected in airway epithelial cells in fetal and adult mouse lungs (Ang et al., 1993 ; Monaghan e t al., 1993) but in smooth muscle cells surrounding the adult mouse airway and pulmonary vessels in the rat .
Although the expression patterns of TTF-1, HNF-JP, pro-SP-B, mature SP-B, pro-SP-C, and CCSP have been assessed in various species, the developmental expression patterns of these proteins have not been determined in mouse lungs. Immunohistochemical analysis was therefore used to clarify the temporal and spatial patterns of these proteins in developing mouse lung. The overlapping expression patterns ofTTF-1, HNF3P, surfactant proteins, and CCSP support a role for these transcription factors in the control of lungspecific gene expression.
Materials and Methods
Tissue Prqxmtion. Mouse embryos were obtained by breeding FVBlN mice. The presence of a vaginal plug at noon was considered as gestational Day 0.5. The embryos and lungs from adult FVBIN mice were fixed in neutral buffered 4% paraformaldehyde for 16 hr at 4'C. Tissues were dehydrated through a graded series of ethanol solutions and embedded in paraffin. Sagittal sections of the embryos and sections of adult lungs were placed on poly-lysine-coated slides. Embryos and postnatal samples reflect results from at least two individual animals.
Antibodies and Immunohistochemistry. Rabbit polyclonal antibody, generated against a synthetic peptide spanning amino acid residues 110-122 of rat TTF-1 (Guazzi et al., 1990) . was kindly provided by Dr. Roberto Di Lauro (Stazione Zoologica 'Anton Dohrn'; Naples, Italy) and was used at a dilution of 1:5000 (Ikeda et al., 1995; Laztaro et al., 1991) . Affinity-purified rabbit polyclonal antibody against amino acids 7-86 of rat HNF-30 was generated in Dr. Robert H. Costa's laboratory (Jacob et al., 1994) and was used at a dilution of 1:lOO. Rabbit polyclonal antisera against human pro-SP-B (R4633 and R96189), bovine mature SP-B (R28031). and human pro-SP-C (R68514) were generated in this laboratory and used at dilutions of 1:1000. 1:500, 1:1000. and 1:1000, respectively. R4633 was generated against the full-length recombinant human SFB proprotein (OReilly et al., 1989a,b; Weaver and Whitsett, 1989) . R96189 was generated against a recombinant peptide containing 102 residues of the C-terminal fragment of the human SP-B proprotein (Lin et al., in press) . R28031 was generated to the mature active SP-B peptide isolated from bovine lung (Lin et al., 1996; Baatz et al., 1990) . R68514 was generated against a recombinant protein containing amino acids 1-20 from the N-terminal of the human SP-C pro-protein (Vorbroker et al., 1992 (Vorbroker et al., ,1995 . These antisera crossreact with and immunostain mouse surfactant proteins (Huffman et al., 1996; Zhou et al., in press; Clark et al., 1995) . Rabbit antiserum against rat CCSP was a gift from Dr. Gurmukh Singh (1988) and was used at a dilution of 1:5000 (Zhou et al., 1996) .
Immunohistochemical staining for TTF-1 and HNF-30 was performed as follows: 5-vm paraffin sections were deparaffinized and microwaved in buffer containing 0.1 M citric acid, 0.1 m sodium citrate (pH 6.0) at highpower for 8 min to boil and at mid-low power for 15 min (Gown et al., 1993; Shi et al., 1991) . This antigen retrieval method was used to unmask antigens and enhance immunohistochemical staining. Sections were then treated with 3% hydrogen peroxide for 30 min, blocked with 5% normal serum at room temperature for 2 hr. and incubated overnight at 4°C with primary antibody and developed using the Vector Elite ABC method (Vector Laboratories; Burlingame, CA). Antigen localization was enhanced with nickel-DAB, followed by incubation with Tris-cobalt and counterstaining with Nuclear Fast Red. The immunohistochemical staining for pro-SP-B, mature SP-B, pro-SP-C, and CCSP was performed as described above without microwave antigen retrieval. The lack of primary antibody treatment was used as a negative control for each immunostaining. Specificity of antibodies has been established previously (Ikeda et al., 1995; Jacob et al., 1994; Khoor et al.. 1994; Singh et al., 1988) . 
Results

Distribution of TlT-1 in Developing Lung
TTF-1 was readily detected on gestational Day 10 during early lung bud formation, where it was localized to the nuclei of the main bronchial epithelial cells (Figure 2A) . No staining was seen in splanchnic mesenchymal cells surrounding the main bronchi (Figure 2A) . On gestational Day 11, lTF1 was abundantly expressed in the trachea ( Figure 1A) and in main and lobar bronchi ( Figure  2E ). Immunostaining for TTF1 was also detected in the ventral region of the diencephalon, in the pars nervosa portion of pituitary (data not shown), and in thyroid primordium ( Figure 1A ), but was not detectable in esophagus ( Figure 1A ) and other organs (data not shown). On gestational Days 12-16, ?TF-1 was expressed at high levels in trachea ( Figures 1B and lC) , bronchi, bronchioles, and distal acinar lung buds, being prominent in newly formed distal airway tubules ( Figures 3A and 3E ). On gestational Day 17, lTF1 was still strongly expressed in epithelial cells lining conducting airways. In the distal lung at this stage, staining was restricted to subsets of epithelial cells (Type I1 cells), in which staining was more intense than in cells in conducting airways ( Figure 4A ). This spatial pattern of lTF1 expression was maintained on gestational Day 18 and in adulthood, however, Type I1 cells and epithelial cells lining bronchi and bronchioles being equally stained ( Figures 4E and  41 ). TTF-1 staining was weaker in epithelial cells lining adult trachea ( Figure 1D ).
Distribution of HNF-3P in Developing Lung
Like TTF-1, HNF-36 was detected on gestational Day 10 at high levels in the nuclei of main bronchial epithelial cells but was not present in the surrounding mesenchymal cells ( Figure 2B ). On gestational Day 11, HNF-3P was strongly expressed in epithelial cells of trachea ( Figure 1E ) and in main and lobar bronchi ( Figure 2F ). HNF3P was also readily detected in the oral-pharyngeal region ( Figure IE) , in liver primordium, in gut, and in the wall of the midbrain and the floor of the hindbrain (data not shown), but was not detectable in thyroid primordium ( Figure 1E ). During gestational Days 12-16, HNF3B was detected at high levels in the epithelial cells of trachea ( Figures 1F and lG) , bronchi ( Figure 3B) , bronchioles, and terminal acinar lung buds ( Figure 3F) , being prominent in proximal bronchi and bronchioles ( Figures 3B and 3F) . Intense staining was also noted in esophagus (Figures 1F and 1G ) and pancreas at this stage of development (data not shown). On gestational Day 17, HNF-3 was detected in epithelial cells of conducting airways and was restricted to subsets of epithelial cells (Type I1 cells) in the distal lung ( Figure 4B ). On gestational Day 18, HNF-3P expression decreased in epithelial cells of both proximal and distal airways ( Figure 4F ). In adult lung, H m 3 P was expressed in epithelial cells of bronchi, bronchioles, and Type I1 cells at similarly high levels ( Figure 4J ) and at lower levels in trachea ( Figure  1H ). The distribution pattem of HNF-30 protein was consistent with that of HNF3P mRNA in fetal mouse lungs as determined by in situ hybridization (data not shown).
Distribution of Pro-SPB and SPB in Developing Lung
Pro-SP-B was not detected in gestational Day 10 lung ( Figure 2C ) but was detected at low levels in the cytoplasm of epithelial cells in both main and lobar bronchi on gestational Day 11 ( Figure 2G ). During gestational Days 12-16, pro-SP-B was detected at low levels in epithelial cells of newly formed distal tubules but was not detected in large proximal airways ( Figures 3C and 3G) . From gestational Day 17 and thereafter, pro-SP-B staining was restricted to Type I1 cells in the distal lung. It was also detectable in tracheal (data not shown) and bronchiolar epithelial cells by antibody R96189 (Figures 4C and 4G) but not by antibody R4633 (Figure 4K ). The intensity of pro-SP-B staining increased from gestational Day 16 to adulthood with antibody R4633 (data not shown) but not with antibody R96189 (Figures 4C and 4G) . Mature SP-B was not detectable during the pseudoglandular period (gestational Days 10-16) ( Figure SA) . However, by gestational Day 17 trace immunostaining was detected in Type I1 cells as well as in the distal airway lumen ( Figure 5B ). On gestational Day 18, staining was heavily deposited in the cytoplasm of Type I1 cells and in the distal airway lumen ( Figure 5C ). In adult lung, SP-B was detected only in Type I1 cells but was not readily detected in the alveolar lumen ( Figure  5D ). A dramatic increase in SP-B staining was noted before birth ( Figures 5B and 5C ).
Distribution of Pro-SP C in Developing Lung
During the pseudoglandular stage, the expression patterns of pro-SP-C were similar to those of pro-SP-B, being detected from gestational Day 11 and restricted to the cytoplasm of epithelial cells in distal lung buds ( Figures 2D, 2H , 3D, and 3H). From gestational Day 17 and thereafter, pro-SP-C was restricted to Type I1 epithelial cells, the intensity of staining increasing with advancing gestational (Figures 4D, 4H, and 4L ).
Distribution of CCSP in Developing Lung
CCSP was not detectable in pseudoglandular mouse lung on gestational Days 10-16 ( Figure 5E ). From gestational Day 17 and there-4 Figure 2. Immunohistochemical staining of TTF-1, HNF-BD, pro-SP-B , and pro-SPG in lungs at gestational Days 10 and 11. Sections of lungs from mouse embryos at gestational Days 10 (A-D) and 11 (E-H) were stained with antibodies against TTF-l (A.E), HNF3P (B.F), pro-SP-B (C,G). and pro-SP-C (D,H) . TTF-1 and HNF-3P were detected at high levels in the epithelial cells lining main bronchi (arrowheads) on gestational Day 10 (A,B) -SP-B (0) and pro-SP-C (H) Day 17 (A-D) , Day 18 (E-H) . and adult mice (I-L) were stained with antibodies against TTF-1 (A,E,I), HNF-31) (B,F.J) . pro -SP-B (C,G,K) , and pro-SP-C (D.H,L) . TTF-1 (A.E.1) and HNF-31) (C.G.K) were detected at high levels in the epithelial cells of bronchi (not shown). bronchioles (arrowheads), and differentiated Type -1 (A.E). HNF-31) (B.F). pro-SP-B (C,G) , and pro-SP-C (D.H). TTF-1 and HNF-31) were detected at high levels in the epithelial cells of both proximal and distal airways, TTF-1 (A.E) being more abundant in newly formed distal lung tubules (arrows) and HNF-31) (B.F) being prominent in columnar epithelial cells lining proximal tubules (arrowheads). Pro-SP-B (C.G) and pro-SP-C (D.H) were detected at low levels in newly formed distal tubules (arrows) but were not detectable in proximal columnar epithelial cells (arrowheads). (D) A lobar bronchus lacking pro-SP-C staining (arrowhead) branches into a segmental bronchus expressing pro-SPC (arrow). Ib, lobar bronchus; sb. segmental bronchus; b, bronchiole,; tb. terminal lung buds. Bar = 64 pm. after, CCSP was detected in the cytoplasm of respiratory epithelial cells lining trachea, bronchi (data not shown), and bronchioles, but was not detected in Type I1 cells ( Figures 5F5H) . CCSP staining also increased with advancing gestation (Figures 5F5H).
and in main (arrowheads) and lobar (arrows) bronchi on gestational Day 11 (E.F), being localized to the nuclei of lung epithelial cells. TTF-1 and HNFID were not detectable in splanchnic mesenchymal cells (A& arrows). Pro-SP-B (C) and pro-SP-C (D) were not detected on gestational Day IO. Pro
Discussion
The temporal and spatial patterns of TTF1, HNF-3P, pro-SP-B, mature SP-B, pro-SP-c, and CCSP were assessed in developing mouse lung by immunohistochemical analysis. T'IFl and HNF-3P were detected in nuclei of respiratory epithelial cells throughout fetal lung development. The expression of TTF-1 and HNF-3p preceded and overlapped that of pro-SP-B, mature SP-B, pro-SP-C, and CCSP The present findings and previous data, demonstrating the role of TTF-1 and HNF-3P in transcriptional control of surfactant protein and CCSP genes, support the concept that ' ITF-1 and HNF-3p play critical roles in lung morphogenesis, lung epithelial cell differentiation, and lung epithelial cell gene expression.
The early expression of TTF-1 and HNF3P in the developing lung suggests that these two transcription factors contribute to the initiation of lung morphogenesis. TTF-1 is expressed at the onset of mouse lung morphogenesis, its expression being restricted to the endodermally derived epithelial cells. These findings are consistent with the early expression of TIT1 in lung epithelial cells in rat (Lazzaro et al., 1991) and human (Ikeda et al., 1995) , suggesting that TTF-1 may participate in early lung morphogenesis. Recently, the TTF-1 gene was knocked out and the homozygous knockout mice were born dead and lacked peripheral lung parenchyma (Kimura et al., 1996) , supporting the concept that TTF-1 is essential for lung organogenesis. HNF-3P is expressed very early in mouse development, being detected in the node, notochord, floor plate, and gut, suggesting that HNF-3P plays a role in body axis formation, neural tube patterning, and definitive endoderm formation Hogan, 1993,1994; Ang et al., 1993; Monaghan et al., 1993) . HNF-3P deficient mouse embryos were generated by homologous recombination (Ang and Rossant, 1994; Weinstein et al., 1994) . HNF3B-deficient embryos die around gestational Day 10 and lack node, notochord, floor plate, and gut tube, further supporting the essential role of HNF-3P in the morphogenesis of notochord and foregut from which lung is formed. HNF-43 is expressed in neural tissues and endoderm-derived epithelial cells in lung, liver, pancreas, and intestine. In contrast, TTF-1 is expressed in thyroid and lung epithelial cells and in the brain, in a pattern distinct from that of HNF@ expression. Therefore, TTFl and HNF 3p are co-localized only in lung epithelial cells, suggesting that the co-expression of these two transcription factors may contribute to respiratory epithelial cell lineage specificity.
The expression of ' ITF-1 and HNF-3P overlaps that of SP-B, SP-C, and CCSP, consistent with the concept that these two transcription factors regulate the expression of these genes. Whereas CCSP was restricted to respiratory epithelial cells of the conducting airways, immunostaining of SP-B and SP-C was more restricted to distal airway epithelial cells, consistent with the distribution of their mRNAs (Wert et al., 1993) . However, TIT1 and HNF3P are expressed in epithelial cells in both proximal and distal airways, supporting in vitro findings demonstrating that TTF-1 and HNF-3p regulate surfactant protein and CCSP gene expression by binding to cis-acting elements in the promoter region of each gene (Bingle et al., 1995; Bruno et al., 1995; Bohinski et al., 1994; Sawaya et al., 1994) . The restricted expression patterns of SP-B, SP-C, and CCSP, and the relative broad expression of "F-1 and HNF3P in respiratory epithelial cells, also indicate that other transcription factors, including ubiquitous factors andlor distinct combinations of transcription factors in different types of cells, may further specify proximal and distal lung epithelial cell differentiation. In support of this concept, AP-1 sites altered TTF-1-dependent activation of the mouse SP-B gene promoter (Sever et al., 1995) . The expression of TTF-1 and HNF-3P precedes that of SP-B, SP-C, and CCSP, supporting the potential upstream roles of these two transcription factors in lung-specific gene expression.
Expression of SP-B, SP-C, and CCSP increased markedly before birth, consistent with the developmental increases in their "As (Wert et al., 1993; Hackett et al., 1992; Wohlford-Lenane et al., 1992; Glasser et al., 1991; Korfhagen et al., 1990) . The increase of SP-B is consistent with the finding that SP-B is required for adaptation to air breathing at birth. SP-B-deficient mice die from respiratory failure immediately after birth, in association with defects in tubular myelin, lamellar body formation, and pro-SP-C processing . This developmental increase in surfactant proteins may reflect their requirement for lung function at birth.
Whereas pro-SP-B was detected in Type I1 cells by both pro-SP-B antisera, the expression of pro-SP-B in bronchiolar epithelial cells was detectable with antibody R96189 and not with antibody R4633, indicating that the intracellular processing, storage, or antigen presentation of pro-SP-B may be distinct in conducting airway epithelial cells vs Type I1 cells. The presence of mature SP-B peptide in Type I1 cells but not in the conducting airway epithelial cells supports the concept that pro-SP-B may not be completely processed in conducting airway epithelial cells to produce mamre SP-B peptide.
In summary, TTF-1 and HNF3P are expressed in respiratory epithelial cells throughout lung development. The pattern of their expression precedes and overlaps that of SP-B, SP-C, and CCSP, consistent with their role in morphogenesis, differentiation, and control of gene expression in the developing respiratory epithelium. 17 (B, arrows) . Staining for SP-B increased in gestational Day 18 lung (C, arrows). In adult lung (D), SP-B was detected at high levels in Type II cells (arrow) but was not detected in the alveolar lumen (arrowhead). CCSP was undetectable in pseudoglandular lungs including gestational Day 16 (E). CCSP was detected at low levels in bronchiolar epithelial cells on gestational Day 17 (F, arrowhead). CCSP staining was more intense on gestational Day 18 (0, arrowhead) . CCSP signal intensity further increased on postnatal Day 1 (H, arrowhead). b, bronchiole. Bar = 64 vm.
